The application of small RNA in therapy has been hindered by the lack of an efficient and safe delivery system to target specific cells. Packaging RNA (pRNA), part of the DNA-packaging motor of bacteriophage phi29(29), was manipulated by RNA nanotechnology to make chimeric RNAs that form dimers via interlocking right-and left-hand loops. The dimeric RNA chimera was processed into doublestranded small interfering RNA (siRNA) by Dicer. These protein-free 25-nm nanoparticles will allow for repeated and longterm administration escaping immunoresponse and avoid the short retention time of smaller molecules and the undeliverability of larger molecules.
INTRODUCTION T
HE DEVELOPMENT OF MOLECULAR GENE THERAPY is one of the most promising applications of modern biological science. Small interfering RNA (siRNA) (Elbashir et al., 2001; Brummelkamp et al., 2002; Carmichael, 2002; Li et al., 2002; McCaf We discovered a 117-nucleotide bacteriophage 29-encoded packaging RNA (pRNA) that plays a novel and essential role in packaging DNA into procapsids ( Fig. 1) (Guo et al., 1987) . Six copies of pRNA form a hexameric ring to drive the DNA-packaging motor (Trottier and Guo, 1997; Guo et al., 1998; . pRNA dimers are the building blocks of hexamers (Chen et al., 2000) . Hand-in-hand interaction of the right and left interlocking loops can be manipulated to produce desired stable dimers, trimers, or hexamers (Guo et al., 1998; Zhang et al., 1998; Chen et al., 1999; Shu et al., 2003) . The size of pRNA dimer is about 25 nm (Hoeprich and Guo, 2002; Shu et al., 2004) .
Our work indicates that RNA, and especially pRNA, can serve as a building block to build nanomaterials via bottom-up assembly (Shu et al., 2004) . The structural and molecular features of 29 pRNA allow its easy manipulation, making it possible to redesign its parts as gene-targeting and delivery vehicles. The pRNA molecule contains intermolecular interaction domains and a 5Ј/3Ј helical domain ( Fig. 1) (Zhang et al., 1995; Garver and Guo, 1997; Chen et al., 1999 Chen et al., , 2000 . Replacement or insertion of the 5Ј/3Ј helical domain does not interfere with dimer formation (Chen et al., 1999) .
The feasibility of these ideas was tested by the construction of chimeric pRNA dimers. One subunit of the dimer contained a receptor-binding RNA aptamer or folate for cell recognition, and the other harbored a moiety of siRNA, ribozyme, or chemical group. The dimers were delivered to specific cells to silence the genes for green fluorescent protein (GFP), luciferase, survivin, and other pro/anti-apoptotic members of the BCL-2 family in a variety of cancer cells.
MATERIALS AND METHODS
In vitro synthesis and physical characterization of RNA RNAs were prepared as described (Zhang et al., 1995) . DNA oligonucleotides (oligos) were synthesized with the desired sequences and used to produce double-stranded DNA by polymerase chain reaction (PCR). The DNA products containing the T7 promoter were cloned into plasmids or used as a substrate for direct in vitro transcription. All pRNA chimeras were treated with calf intestinal alkaline phosphatase (CIP) to remove the 5Ј-phosphate and eliminate PKR (protein kinase RNA-activated) and interferon effects (Kim et al., 2004) or synthesized in the presence of SH-AMP, biotin-AMP, or CoA Khaled et al., 2005) . Methods of electrophoresis and cryo-atomic force microscopy (cryo-AFM) for the detection of pRNA dimer have been described (Chen et al., 2000; Shu et al., 2003) . Magnesium (10 mM) was included in all buffers to maintain the folding of pRNA and the formation of dimers (Chen et al., 2000; Mat-Arip et al., 2001) .
Transfection assay for monomeric chimeric pRNA subunits
For Drosophila S2 cells, various siRNAs and GFP-coding plasmid pMT-GFP were cotransfected in a 24-well plate, using Cellfectin (Invitrogen, Carlsbad, CA). The expression of GFP was induced by overnight incubation with CuSO 4 at 0.5 mM (Li et al., 2002) .
For luciferase assay of monomer pRNA/siRNA, various chimeric siRNAs were cotransfected into mouse fibroblast PA317-PAR cells with both plasmid DNA pGL3 encoding firefly luciferase and pRL-TK (Promega, Madison, WI) encoding Renilla luciferase. Luciferase activities were measured in a dual reporter assay system (Promega) 1 day after transfection.
For survivin knockdown assay, MDA-231, PC-3, A-549, T47D,and MCF-7 cells were transfected with various RNAs at 20 pmol/well in 24-well plates, using Lipofectamine2000 (Invitrogen). The next day, cells were observed under a phase-contrast microscope and scored on the basis of viability.
For pro-B FL5.12A cells, 10 7 cells were resuspended in 500 l of RPMI 1640 with 10% fetal bovine serum (FBS). For D1 cells, the cells were resuspended in hypo-osmolar buffer. Electroporation was performed with an ElectroSquarePorator (ECM 830; BTX Molecular Delivery Systems/Harvard Apparatus, Holliston, MA). FL5.12A cells were electroporated at 200 V (three pulses) and D1 cells were electroporated at 180 V (one pulse). After a short incubation on ice, cells were resuspended in 10 ml of complete medium with cytokine and incubated for 2 hr. Cell viability was measured by trypan blue assay before transfection with Mirus reagent (Mirus Bio, Madison, WI). Cells (10 6 ) were incubated with the RNA constructs (100 nM) overnight, washed twice with Hanks' balanced salt solution, and incubated for an additional 24 to 48 hr in the medium with or without cytokine.
Chimeric pRNA/siRNA processing by Dicer
Chimeric siRNA was incubated with purified recombinant RNA-specific endonuclease (Dicer; Genlantis, San Diego, CA) for 2 hr at 37°C. RNA was labeled with 32 P at the 5Ј end, using T4 polynucleotide kinase (New England BioLabs).
Functional delivery assays for chimeric pRNA dimer harboring CD4 aptamer and survivin siRNA CD4 hi , CD4 lo , and CD4 neg cells were seeded in a 96-well plate. Cells (5 ϫ 10 4 per sample) were washed once. Cells were incubated with 100 nM RNA dimer for 30 min. After rinsing, cells were further incubated for 24 or 48 hr, with or without cytokines. Cell viability was measured by trypan blue assay.
CD4 receptor-binding assay by confocal microscopy
D1 cells were grown in RPMI 1640 with 10% FBS, penicillin-streptomycin (50 IU/ml), 0.1% 2-mercaptoethanol, and interleukin-7 (IL-7, 50 ng/ml). FL5.12A cells were grown in complete medium supplemented with IL-3 (2 ng/ml). For the expression of CD4 in D1 cells, the L3T4 (mouse CD4) insert was subcloned into pcDNA 6/V5-HisB (Invitrogen). Stable lines were selected by antibiotic resistance. D1-CD4 cells, expressing high levels of CD4, were further isolated by fluorescence-activated cell sorting (FACS). The D1-CD4 cell line was maintained in complete medium supplemented with IL-7 (50 ng/ml) and blasticidin HCl (2.5 mg/ml). Coverslips coated with poly-L-lysine (200 g/ml) were incubated overnight with cells. Before fixing, coverslips with cells were rinsed and treated for 30 min in a 65 nM solution of dimeric RNA complex. Coverslips with cells were fixed with 4% paraformaldehyde and mounted in Gel/Mount (Biomeda). Images were captured with a confocal microscope (LSM 510 NLO; Carl Zeiss).
FIG. 1.
Sketch of sequence and structure of pRNA chimeras. (A) 29 pRNA sequence and secondary structure. The right-and left-hand loops are circled in orange and green, respectively. The double-stranded helical domain on the 5Ј/3Ј ends is framed, and the domain for dimer formation is shaded. The curved line points to the two interacting loops. 
Specific gene knockdown mediated by folate receptor
Folate dimer was prepared by mixing folate-pRNA(7-106) B-aЈ and pRNA/siRNA(firefly luciferase) A-bЈ with 10 mM Mg 2ϩ . KB cells were seeded in a six-well plate in folate-free medium. After being washed with phosphate-buffered saline (PBS) containing MgCl 2 , the premixed dimer RNA (1.75 M) was then added to the cells and incubated for 3 hr at 37°C. RNase inhibitor (SUPERaseиIN, 1 unit/l; Ambion, Austin, TX) was added to the binding buffer. After incubation, free RNA was washed off and pGL3 and pRL-TK plasmids were introduced into the cells, using Lipofectamine2000 (Promega). Luciferase activities were measured the next day.
Double-labeling and flow cytometry
MCF-7 cells were transfected with RNA samples at a 100 nM concentration. Cells were stained with annexin V and propidium iodide (PI) followed by flow cytometry assay.
Animal studies
Pathogen-free male 5-week-old athymic nude mice (Harlan, Indianapolis, IN) were housed in a specific pathogen-free environment. Food supplies and instruments were autoclaved, and all manipulations were performed in a laminar flow hood. Animals were randomly assigned to experimental groups. Cells were inoculated subcutaneously at the right axilla of the forelimb.
RESULTS

Nomenclature of RNA subunits
To simplify description of the construction of RNA complexes, upper-case and lower-case letters are used to represent the right-and left-hand loops of the pRNA, respectively ( (Fig. 1) . pRNA/aptamer(CD4) denotes a pRNA chimera that harbors an aptamer that binds CD4, and pRNA/siRNA(GFP) represents a pRNA chimera that harbors an siRNA targeting green fluorescent protein (GFP). pRNA/ribozyme(survivin) represents a chimeric pRNA harboring a hammerhead ribozyme against survivin.
Construction of chimeric pRNA subunits harboring foreign moieties
Construction of chimeric pRNA harboring siRNA. pRNA contains a double-stranded helical domain at 5Ј/3Ј end and an intermolecular binding domain, which fold independently of each other. Complementary modification studies have revealed that altering the primary sequences of any nucleotide of the helical region does not affect pRNA structure and folding as long as the two strands are paired ( Fig. 1) (Zhang et al., 1994) . Extensive studies revealed that siRNA is a double-stranded RNA helix (Elbashir et al., 2001; Brummelkamp et al., 2002; Carmichael, 2002; Li et al., 2002) . To test whether it is possible to replace the helical region in pRNA with double-stranded siRNA , a variety of chimeric pRNAs with different targets were constructed to carry siRNA connected to nucleotides 29 and 91 of the pRNA ( Fig.  1) , resulting in pRNA/siRNA(GFP), pRNA/siRNA(luciferase), pRNA/siRNA(BAD), and pRNA/siRNA(survivin) that were competent in gene sliencing (see below).
Construction of chimeric pRNA harboring receptor-binding aptamer or ribozyme. To achieve specific delivery of therapeutic complexes, it is often necessary to incorporate a moiety that recognizes signature molecules on cell surfaces. In comparison with antibodies and phage-displayed peptides, RNA aptamer is an attractive alternative because it avoids the induction of immune responses (Goldsby et al., 2002) . Using the
FIG. 2.
Processing of chimeric pRNA/siRNA complex by Dicer. The structures of pRNA/siRNA and pRNA vector are shown in (A) and (B). Processing of pRNA/siRNA into 22-bp siRNAs by recombinant Dicer. The chimeric pRNA/siRNA with 5Ј-end 32 P labeling was incubated with purified recombinant Dicer for 30 min and 2 hr, respectively, and then separated on a denaturing PAGE/urea gel. A radiolabeled 22-nucleotide RNA was used as a molecular weight marker. SELEX (systematic evolution of ligands by exponential enrichment) approach (Gold, 1995; Ellington and Szostak, 1990) , a number of RNA aptamers were obtained that specifically recognize a particular cell surface receptor such as CD4 (Kraus et al., 1998) . One CD4-binding RNA aptamer was chosen to construct chimeric pRNA/aptamer(CD4) via a mutual 5Ј/3Ј end connection (Fig. 1D ). The pRNA vector was reorganized into a circularly permuted form, with the nascent 5Ј and 3Ј ends relocated to residues 71 and 75, respectively, of the original pRNA sequence. The 71/75 end is located in a tightly folded area to bury and protect the ends from exonuclease degradation in vivo . Similar rules were followed to construct the chimeric pRNA/ribozyme(survivin). All aptamers or ribozymes fused to the pRNA were functional (see below).
Construction of chimeric pRNA harboring folate. Folate receptors are overexpressed in various types of tumors such as human nasopharyngeal epidermal carcinoma, but are generally absent in normal adult tissues. Many therapeutic reagents such as low molecular weight drugs, antisense oligonucleotides, and protein toxins have been conjugated to folate and then delivered to tumor cells (Sudimack and Lee, 2000; Lu and Low, 2003) . The same strategy was employed in this study to deliver siRNA to folate receptor-overexpressing tumor cells. The folate molecule was incorporated into the 5Ј end of RNA and formed a dimer with a pRNA/siRNA chimera to achieve specific delivery (Fig. 1D) . To increase the accessibility of the folate molecule to folate receptor on the cell surface, folate-labeled RNA was designed to be a 5Ј overhang, in which nucleotides 107 to 117 of pRNA were truncated. 
Processing of chimeric pRNA/siRNA complex into double-stranded siRNA by Dicer
To determine whether the chimeric complexes could be processed into functional siRNA, chimeric pRNA/siRNA was subjected to treatment with purified recombinant Dicer, which is well known for its function of processing long doublestranded RNA into 22-bp siRNAs in vitro and in vivo (Hannon, 2002) . The chimeric pRNA/siRNA complex used as the substrate in this study harbored a 29-bp double-stranded siRNA connected to the pRNA intermolecular interaction domain from nucleotides 29 to 91 (Fig. 2A) . Two additional uridines were used to link the siRNA to the pRNA domain to help enhance processing efficiency by increasing the ⌬G for the folding of the loop. Purified chimeric pRNA/siRNA complex was labeled at the 5Ј end with 32 P and incubated with Dicer, and the digestion product was then analyzed on denaturing PAGE/urea gels. As shown in Fig. 2 , digestion of pRNA/siRNA by Dicer for 30 min to 2 hr resulted in the production of 22-base siRNA with high efficiency. This result confirms that the chimeric pRNA/siRNA was cleaved and released the functional doublestranded siRNA located at the 5Ј/3Ј ends.
Functional assay of chimeric pRNA subunits by transfection pRNA/siRNA (GFP) . To test the function of pRNA/siRNA(GFP), GFP-expressing plasmid was cotransfected with various RNA chimeras into cells. Fluorescence microscopy revealed that pRNA/siRNA(GFP) effectively inhibited GFP gene expression in a dose-dependent manner (Fig. 3A) . In contrast, such inhibitory effects were not observed with a control construct containing site-directed mutations within siRNA sequences. Nonspecific inhibition by pRNA vector was ruled out through a control ( Fig. 3B) with the vector alone (nucleotides 23-97). The effect of gene silencing on mRNA level was further demonstrated by Northern blot (Fig. 3D) . In both assays, chimeric pRNA/ siRNA(GFP) exhibited equivalent or superior inhibitory effects on GFP gene expression compared with chemically synthesized double-stranded siRNA(GFP) (Fig. 3C and D) .
pRNA/siRNA(luciferase). In addition to the GFP-specific chimeric siRNA, pRNA/siRNA constructs against luciferase were also constructed and tested. Two chimeric pRNA/siRNA constructs targeting either firefly luciferase or Renilla luciferase were introduced into cells by transient transfection in separate experiments, and the expression levels of both luciferases were then measured simultaneously in a dual reporter assay. When the targeted luciferase was examined, the nontargeted luciferase served as the internal control. As shown in Fig. 4A , each construct was found to suppress its target gene efficiently and specifically. No silencing of the luciferase genes occurred when mutations were introduced into the siRNA of the pRNA complexes. In addition, the silencing effect of pRNA/siRNA(firefly) was found to be more efficient than that of hairpin siRNA(firefly) alone (Fig. 4B) .
pRNA/siRNA(survivin) and pRNA/ribozyme(survivin) knock down antiapoptosis factor survivin and initiate cell death. To evaluate the effectiveness of therapeutic RNA molecules in treating cancer, it is necessary to suppress genes involved in tumor development and progression. Survivin was chosen as a 
SPECIFIC DELIVERY OF siRNA TO CELLS
target because it inhibits apoptosis and is detected only in cancer cells and not in normal adult cells. It has been shown that the suppression of survivin induces the apoptosis of cancer cells (Grossman et al., 2001; Pennati et al., 2003) .
The function and specificity of pRNA/siRNA(survivin) were first examined in breast and prostate cancer cells. The apoptosis of breast cancer cells transfected with pRNA/ siRNA(survivin) was assessed with annexin V-propidium iodide (PI) double-staining followed by flow cytometry analysis. As shown in Fig. 5.I .B, cells transfected with pRNA/ siRNA(survivin) were shown at a much higher percentage in the bottom right area representing apoptotic cells, compared with those treated with mutant chimeric siRNA or 5S RNA as negative controls (Fig. 5.I.A, C, and D) . The effects of chimeric siRNA on cell survival were also evaluated by cell morphology studies in breast cancer cell line MDA-231 and prostate cancer cell line PC-3. After transfection, the majority of cells shrank and were detached from the cell culture plate, whereas the control pRNA/siRNA(mutant) did not induce cell death (Fig. 5.II) .
The knockdown effect by pRNA/ribozyme(survivin) was also tested. When several human cancer cell lines were transfected with pRNA/ribozyme(survivin), more than 80% of the cells were dead 24 hr after transfection.
pRNA/siRNA(BAD) silences proapoptosis factor and prevents cell death. Inducing cell death by knocking down antiapoptosis factors would be ideal in cancer therapy, but it might not be sufficient to demonstrate the specificity of the RNA delivery strategy, because cell death can potentially be caused by nonspecific effects, if any occur. To rule out the possibility of nonspecific cytotoxicity, proapoptosis factor BAD in the Bcl-2 family (Khaled et al., 2001 ) was selected as the target, because silencing proapoptotic factors would prevent apoptosis instead of causing cell death (Kumar and Vaux, 2002) . Thus, the knockdown effect from siRNA could be distinguished from the nonspecific toxicity of the RNA components.
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FIG. 6. Functional assay of pRNA/siRNA chimera targeting proapoptotic factor BAD. (A) pRNA/siRNA(BAD) and control siRNAs (10 nM) were introduced into pro-B cells by electroporation, combined with a transfection reagent on day 1. Cells were washed to remove IL-3 on day 2 and assayed for viability on day 3. (B) BAD protein levels were compared in cells transfected with chimeric siRNA(BAD) or two mutant controls containing different mutations within siRNA sequences. Control cells were treated with pRNA alone. Cell lysates were prepared (Khaled et al., 2001) on day 3 and proteins were separated by 12% SDS-PAGE followed by Western blot with BAD antibody (Cell Signaling Technology, Beverly, MA). Numbers below the panel indicate the remaining BAD level, expressed as a percentage compared with control cells. (C) Pro-B cells transfected with pRNA/siRNA(survivin) or mutant were grown in complete medium containing IL-3 or deprived of IL-3. The impact of RNA on cell morphology was observed by microscopy.
To this end, IL-3-dependent pro-B cell line FL5.12A was employed. Withdrawal of IL-3 could induce the expression of BAD, leading to apoptosis of FL5.12A cells (Khaled and Durum, 2002) . pRNA/siRNA(BAD) was constructed and introduced into the pro-B cell line, and Western blot indicated that there was a significant decrease in BAD protein (Fig. 6B) , whereas the mutant controls and pRNA vector alone resulted in only minor decreases in BAD protein compared with untreated cells. The viability assay revealed that the transfection of pRNA/ siRNA(BAD) protected FL5.12A cells from death on IL-3 removal, and did not cause cell death in the presence of IL-3 (Fig.  6A ). These results demonstrate that chimeric pRNA/siRNA can specifically silence the expression of targeted proapoptotic genes and prevent growth factor withdrawal-induced cell death. In contrast, cell death was induced by pRNA/siRNA(Survivin) in the presence of IL-3, and exacerbated on IL-3 withdrawal, compared with the mutant chimeric siRNA control (Fig. 6C) .
Assembly of pRNA dimers composed of chimeric subunits harboring individual functional subunits
Effective gene therapy requires at least two features: specific cell recognition and the silencing of specific gene(s) in cells. Construction of a RNA molecule with both functionalities would satisfy these requirements, but direct fusion or conjugation of one RNA with two or more moieties could lead to misfolding and loss of function. Construction of RNA dimer is an alternative approach for achieving these two goals.
Extensive studies of 29 pRNA revealed that two pRNA subunits form a dimer through the interaction of the complementary left-and right-hand loops of pRNA monomers (Guo et al., 1998; Zhang et al., 1998; Chen et al., 1999) . The extendable 5Ј/3Ј ends of dimer provide two separated sites to carry extra sequences without altering the secondary structure of the pRNA vectors or the inserted sequences (Shu et al., 2004) . The dimer formation mechanism was therefore used to construct the RNA complex to deliver functional moieties for (1) specific recognition mediated by receptor-binding RNA aptamer or folate, and (2) regulation of cell functions (growth, death, physiology, etc.) mediated by siRNA or ribozyme.
The sequence responsible for intermolecular pRNA/pRNA interaction is located between residues 23 and 97 (Chen et al., 1999) . Chimeric monomer subunits were intentionally designed to possess either A-bЈ or B-aЈ to match with each other. When pRNA A-bЈ and B-aЈ were mixed in a 1:1 molar ratio in the presence of 10 mM Mg 2ϩ , pRNA dimers were produced with high efficiency, as confirmed by gel electrophoresis and cryo-AFM imaging (Fig. 1C) . In AFM images, the monomer exhibits a checkmark shape and the dimer is twice as large as the monomer. Dimers were generated from monomer subunits despite the replacement of the 5Ј/3Ј helix with double-stranded siRNA or connection of the 5Ј/3Ј end to an aptamer or ribozyme. The correct folding of pRNA chimera was also confirmed by 29 in vitro assembly inhibition assay as previously reported (Guo et al., 1987 (Guo et al., , 1998 . 
Functional assay of chimeric pRNA dimer by incubation
Binding assay of chimeric pRNA containing CD4 aptamer. CD4 is a receptor displayed on the surface of certain T lymphocytes. A CD4-overexpressing T cell line (referred to as CD4 hi ) was developed from a murine IL-7-dependent pro-T cell line D1 (referred to as CD4 low ) (Kim et al., 2003) that normally expresses undetectable levels of endogenous CD4. Incubation of CD4 hi cells with RNA dimer composed of pRNA(A-bЈ)/aptamer(CD4) and pRNA(B-aЈ)/FITC (fluorescein isothiocyanate) revealed strong and specific binding (Fig. 7.I) , because binding was not detected in FL5.12A cells with no CD4 expression (Fig. 7.I.c) or FITC-dimer without aptamer(CD4) (data not shown).
Incubation with dimer harboring both aptamer(CD4) and siRNA(survivin). The strategy of RNA dimer-mediated gene delivery is that the receptor-binding moiety mediates cell recognition and subsequent internalization, and the siRNA is then released to downregulate specific genes. Dimers containing both pRNA/siRNA(survivin) and pRNA/aptamer(CD4) were incubated with cells with different levels of CD4 expression. The CD4 hi cells responded most strongly to the pRNA dimeric complex, which showed more than 30% reduction in cell viability in the presence of IL-7. Upon removal of IL-7, both CD4 low and CD hi D1 cells exhibited severe cell death compared with CD4-negative FL5.12A cells. The level of cell death was correlated with the expression level of CD4. These results suggest that CD4-mediated entry of survivin siRNA led to the suppression of cell viability and that such effects were dependent on the level of CD4 molecules on the cell surface. When incubated simply with cancer cells, pRNA/siRNA(survivin) or pRNA/ribozyme(survivin) did not cause cell death for up to 72 hr in the absence of transfection reagent (Fig. 8) . This indicates that the chimeric pRNA did not show nonspecific cytotoxicity on incubation.
Binding assay of chimeric pRNA conjugated with folate. Specific cell binding of pRNA/folate monomer was demonstrated by flow cytometry (Fig. 9A) . When human nasopharyngeal epidermal carcinoma KB cells with endogenously overexpressed folate receptors were incubated with FITC-labeled pRNA/folate, 97.3% of the cells were FITC positive. Adding free folate as a blocking reagent to the incubation buffer decreased the FITC-positive cells to only 0.7% (Fig. 9A) , suggesting that the binding of pRNA to cells is specific and dependent on folate receptor. FITC-labeled pRNA without folate conjugation did not exhibit binding.
The possibility of using folate to carry dimeric siRNA chimera was also demonstrated through the use of radiolabeled RNA. First, the RNA dimer was generated by mixing equal amounts of pRNA(A-bЈ) and 3 H-labeled pRNA(B-aЈ) in the presence of Mg 2ϩ . The folate-dimer showed much stronger binding compared with the control dimer without folate labeling (Fig. 9B ). When free folate was included as a blocking reagent, the binding of folate-labeled heterodimer RNA to cells diminished.
Functional assay for pRNA/siRNA(firefly or Renilla) after delivery to cells by incubation. After the specific knockdown of chimeric siRNA against luciferase (Fig. 4A ) and the specific binding of folate-labeled dimer (Fig. 9A) were demonstrated, the gene-silencing effects by incubation were further investigated. To determine whether folate-mediated targeting of chimeric siRNA to folate receptor-overexpressing cells can lead to the entry of the RNA complex and knockdown of a specific gene, dimers composed of pRNA/siRNA(firefly) and FIG. 8. Toxicity assay of chimeric pRNA targeting survivin. HeLaT4 cells were seeded in 24-well plates so that they will be 30-50% confluent at the time of incubation. Twenty-four hours after seeding, the indicated amount of RNA was added into each well. Cells were further incubated in incubator for 24, 48, and 72 hr and the number of viable cells was counted by hemacytometer. The relative survival rates displayed were obtained by dividing the number of surviving cells in each treatment by the number of surviving cells without treatment with RNA.
pRNA/folate were incubated with folate receptor-positive KB cells, to allow the binding and entry of RNA mediated by folate. Dual reporter assay revealed a dramatic decrease in firefly luciferase expression after incubation (Fig. 9C) . A control RNA without folate labeling, on the other hand, did not significantly interfere with target protein expression. The specificity of pRNA/siRNA(firefly) in dimers was demonstrated when Renilla luciferase was used as an internal control.
Animal trials to demonstrate specific suppression of tumorigenicity of cancer cells by ex vivo delivery of chimeric siRNA against survivin Animal trials were conducted to test the specificity by ex vivo delivery, using a dimer containing both pRNA(A-bЈ)/folate and pRNA(B-aЈ)/siRNA(survivin). The potential of this RNA dimer to suppress tumor formation was tested in athymic nude mice. Nasopharyngeal epidermal carcinoma (KB) cells were incubated with dimeric RNA with or without the blocking reagent, free folate, before being introduced into the nude mice by axillary injection. The mice receiving cells alone developed tumors within 3 weeks, whereas none of the mice receiving cells pretreated with the dimers with pRNA(A-bЈ)/folate and pRNA(B-aЈ)/siRNA(survivin) developed tumors ( Table 1 ). The inhibition of tumor formation is specific because the control dimer RNA without folate conjugation used in control mice groups did not affect tumor development.
DISCUSSION
29 pRNA has a tendency to form dimers, which are the building blocks of hexamers (Fig. 10) , as a result of the inter-FIG. 9. Specific delivery of chimeric pRNA/siRNA by folate-pRNA. (A) Flow cytometry analyses of the binding of FITC-labeled folate-pRNA to KB cells. Left: Cells were incubated with folate-pRNA labeled with FITC. Middle: Cells were preincubated with free folate, which served as a blocking agent to compete with folate-pRNA for binding to the receptor. Right: Binding was also tested using folate-free pRNA labeled with FITC as a negative control. The percentages of FITC-positive cells are shown in the top right quadrants. (B) Specific binding of folate-pRNA dimer to KB cells. After incubation of cells with the [ 3 H]folate-pRNA dimer in the presence (middle column) or absence (left column) of free folate, cells were isolated and subjected to scintillation counting. The right-hand column represent 3 H-labeled dimer without folate labeling as a negative control. (C) In a knockdown assay by incubation, folate-chimeric dimer complex containing pRNA(B-aЈ)/folate and pRNA(A-bЈ)/siRNA(firefly) was incubated with KB cells for 3 hr to allow the binding and entry of RNA. The luciferase level was measured the next day in the dual reporter system. The control dimer was identical to the folate dimer except for its lack of folate labeling. action of interlocking loops of each pRNA. This paper has demonstrated the production of dimers to deliver therapeutic RNA to specific cells. In the future, chimeric hexamers could also be assembled via hand-in-hand interaction. Thus, because there are six chimeric pRNAs in the hexamer, there would be six positions available to carry molecules for cell recognition, therapy, and detection. Besides the receptor-binding aptamers, siRNA, ribozyme, and folate reported here, other materials such as fluorescent dyes, heavy metal, quantum dots, fluorescent beads, or radioisotopes can also be conjugated for the detection of cancer signatures at different stages of development. The reported methods for conjugating folate and FITC could be used for the conjugation of chemical drugs, and endosome-disrupting chemicals could be added to promote the release of siRNA from the endosome after delivery to improve therapeutic efficacy (Fig.  10) . Nucleotide derivatives such as 2Ј-fluoro-2Ј-deoxy-CTP, 2Ј-fluoro-2Ј-deoxy-UTP, or Spiegelmer will be incorporated into the RNA to produce stable in vitro RNA transcripts that are resistant to RNase digestion (Soutschek et al., 2004) .
This polyvalent RNA complex can also potentially be used to treat chronic viral infections, such as those caused by HIV and hepatitis B virus, by targeting the specific virus glycoproteins incorporated on the infected cell surface. It is well established in the scientific community that RNAs do not induce a detectable immune response except when complexed with proteins (Madaio et al., 1984; Goldsby et al., 2002) . The use of RNA as a delivery vehicle could avoid the problems of immune response and the rejection of protein vectors after repeated long-term drug administration. The use of such a 25 nm RNA complex would provide a longer turnover time in the body than other small molecules would offer. The toxicity or other adverse effects of the pRNA chimera were further mitigated by the conjugation of a small DNA oligo (Manuscript in preparation).
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FIG. 10. The potential use of pRNA hexamers as polyvalent gene delivery vectors. Six copies of pRNA have been found to form a hexameric ring to drive the DNA-packaging motor of bacterial virus 29. There would therefore be six positions available to carry foreign moieties for targeting, therapy, and detection. a KB cells were maintained in folate-free medium RPMI 1640. Cells were preincubated with pRNA complex for 3 hr before being used for animal injection. After rinsing twice with PBS containing 10 mM MgCl 2 , cells were collected into a centrifuge tube. Each mouse was inoculated with 2.5 ϫ 10 3 cells in 0.1 ml of medium. Shown are the results of in vivo testing of mice receiving tumor xenografts along with the chimeric pRNA complex. One mouse in group 2 produced a plaque within 1 week, much earlier than any of the other mice in any group, and therefore given these special circumstances it was treated as an outlier and there are seven mice recorded for group 2 instead of eight.
